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Abstract Tropical peat swamp forests are carbon-rich ecosystems that have been threatened by high rates of land use change (LUC). Despite the ecosystem's shifts from sequestering carbon (C) to emitting carbon, few studies have quantified the changes in ecosystem productivity associated with LUC in tropical peatlands. This study quantified net primary production (NPP) in intact peat swamp forests (PSF), logged forests (LPSF), early seral sites (ES), and smallholder oil palm plantations (OP) in a peat dome of West Kalimantan, Indonesia. All sites were dominated by peat forest prior to deforestation. The NPP of intact forests was 13.2 Mg C ha −1 year −1 making it among the world's most productive terrestrial ecosystems, exceeding that of many tropical rainforests and similar to the most productive mangrove ecosystems (12.9 Mg C ha −1 year
−1
). Land cover change resulted in large shifts in NPP. Logged forest and early seral sites were < 11.1 Mg C ha −1 year −1
. The NPP of oil palm plantations was 3.7 Mg C ha −1 year −1
. Aboveground NPP was recorded at 10.5 Mg C ha −1 year −1 in forests, exceeding the NPP of LPSF, ES, and OP (8.9, 5.1, and 3.5 Mg C ha −1 year −1 , respectively). Early seral sites (5.7 Mg C ha −1 year −1
) were estimated to have the highest belowground NPP (p = 0.05). Root productivity in PSF, LPSF, and OP was 2.7, 2.1, and 0.2 Mg C ha
, respectively. Land use change and forest degradation have reduced the productivity of tropical peatlands.
Introduction
Global deforestation and land use change in forests have contributed significantly to the global greenhouse gas (GHG) emissions from terrestrial ecosystems. In Indonesia, recent estimates suggest that deforestation rates are 1000-5000 km 2 year −1 (Hansen et al. 2013; Margono et al. 2014; BP-REDD+ 2015) ; the highest deforestation rates in the world. Forests, including peat swamp forests (PSF), have mostly been converted for oil palm (OP; Elaeis guineensis), food crops, and timber plantations (Murdiyarso et al. 2010; Hergoualc'h and Verchot 2011) . Conversion of peat swamp forests involves cutting trees, burning, and/or developing drainage canals (Anshari et al. 2010; Verwer and Meer 2010) . The area used for oil palm, which in 2010 covered about 880,000 ha of Indonesian and Malaysian peatlands (Koh et al. 2011) , has since increased to 2,046,000 ha (about 30% of Indonesia's remaining PSF area), reaching approximately 3 million hectares across the region of Southeast Asia (Miettinen et al. 2016) . This conversion of forests to oil palm was estimated by Koh et al. (2011) to result in losses of about 140 terra gram (Tg C = 10 12 g C) of carbon (C). The current landscape in deforested areas is that of a fragmented mosaic of degraded forests, seral ecosystems, and agricultural lands. Yet, only a few field studies to date have examined the impact of peat forest conversion on the ecosystem's carbon emissions in Southeast Asia (Novita 2016; Basuki 2017; Miettinen et al. 2017) .
Carbon stock change from PSF degradation and land use change can be estimated using an approach which provides rates of carbon gains and losses (IPCC 2003) . This approach has been used in many forested ecosystems (Golley et al. 1962; Cao and Woodward 1998; Komiyama et al. 2008) . Case studies from neo-tropical forests demonstrated that carbon emissions from forest conversion are not balanced out by regrowth after land use change ). Changes in net primary production in tropical peat swamp forest landscapes following land use change (LUC) need to be verified through direct field measurements, to inform decision making regarding peat forests, and to increase accuracies of emission estimates.
Net primary production (NPP) is defined as the difference between gross primary production (GPP) and autotrophic respiration (Woodwell and Whittaker 1968) . GPP is defined as the gross vegetation uptake of CO 2 from photosynthesis (Chapin et al. 2006) . However, GPP cannot be directly measured in the field (Clark and Brown 2001) . As such, direct measurements of NPP have been developed in studies of carbon dynamics and the role of forests and global climate change.
Global NPP has been estimated at various values, e.g., 57.0 Pg C year −1 (Cao and Woodward 1998), 0.19 Pg C year −1 (Nemani et al. 2003) , and − 0.06 Pg C year −1 (Zhao and Running 2010) . The NPP of global old growth, Malaysian lowland (dipterocarp and heath forests), and Peruvian montane tropical forests has been reported to range between 1.7 and 21.7 Mg C ha −1 year −1 (Clark and Brown 2001; Girardin et al. 2010; Proctor 2013) . The NPP of tropical mangrove forests has been estimated to range between 2 and 12 Mg C ha −1 year −1 (Komiyama et al. 2008) . Chimner and Ewel (2005) estimated that the NPP of tropical peat forest on the island of Kosrae in the Federated States of Micronesia was 11.2 Mg C ha
, of which 94.3% was aboveground NPP. The aboveground NPP (stem growth and litterfall) of degraded peat swamp forests in Central Kalimantan was estimated by Miyamoto et al. (2016) and Saragi-Sasmito et al. (2018) as 7.9 and 7.3 Mg C ha
, respectively. The NPP of tropical peat swamp forests and other peatland ecosystems in Southeast Asia remains understudied.
Objectives and research questions
Productivity of peatlands in Indonesia and Southeast Asia has never been estimated using field measurements to record changes in NPP. To understand the role of peat swamp forest ecosystems as sources and sinks of GHG, it is crucial to determine the shifts in NPP that result from degradation of PSF into logged PSF (LPSF) and their conversion into early seral (ES) sites (i.e., sites that have previously been logged and exposed to fires eliminating the overstory tree canopy, which are now dominated by ferns and grasses) and oil palm (OP) plantations.
The objective of this study was to quantify the changes in NPP resulting from PSF disturbance through logging (LPSF), logging and fire (ES), and land conversion (OP). Our specific research questions included how much is the NPP of intact, undisturbed peat swamp forests? How does this differ due to logging? How much is the NPP of early seral sites and oil palm plantations on sites which were previously PSF? How much are the changes in NPP caused by logging, logging and fire, and land conversion? And finally, how do these compare to the estimated NPP in other ecosystems?
Our main hypothesis was that logging and land use changes significantly alter the NPP of tropical peat swamp forests, due to the fact that such human-induced disturbances significantly reduce the ecosystem carbon stocks of forests.
Methods

Study site
The study area was located in Pematang Gadung, Ketapang, West Kalimantan, Indonesia (Fig. 1) . The Pematang Gadung is a coastal peat dome (34,651 ha) between the Pawan and Pesaguhan rivers that flow on the northern and southern ends of the peat dome, respectively. These two rivers run to the Karimata strait. Climate model of global dataset (https://id.climate-data.org/location/592593/) shows that the local rainfall averages at 2928 mm per year in the last 30 years , with the highest rate on December and lowest on August. The mean annual temperature is 27.3°C in the last 30 years . Information derived from Google Earth's digital elevation model (DEM) (Rusli et al. 2016) shows that elevation in the study area ranges from 10 to 24 m above sea level.
We sampled three relatively intact peat swamp forests (PSF), and three logged peat swamp forests (LPSF) that had been selectively logged by local people. Common PSF species in the forest stands sampled included Aglaia rubiginosa (Hirn.) Pannel, Dactylocladus stenostachys Oliv., Dyera costulata Hook.f., Palaquium spp., Pandanus spp., and Nepenthes spp. They had a closed canopy height of approximately 15 m and more open canopy height approximately above 30 m, and grew near or towards the center of the peat dome and well away (> 1 km) from roads. Basal area and tree density in PSF were 30.8 m 2 ha −1 and 1743 tree ha −1 , respectively. LPSF was dominated by similar tree species as PSF, but with lower maximum canopy (about 15 m), less basal area (18.7 m 2 ha −1 ), and tree density (1282 tree ha −1 ) than the PSF. Considering the tree canopy height and distance to the river (about 5-7 km), then both the PSF and LPSF area may belong to low pole forest zone (Page et al. 1999 ).
In addition to forests, we sampled three early seral (ES) sites and three smallholder oil palm (OP) plantations. ES ecosystems have no or very infrequent trees, and are dominated by ferns (e.g., Stenochlaena palustris and Blechnum indicum) and grasses (e.g., Themeda triandra and Andropogon gerardi) (Hoscilo 2009; Bond and Keane 2017) . The OP (Elaeis guineensis) plantations were surrounded by ES sites and LPSF. The ES sites had been logged in the past and exposed to several fires that eliminated the overstory canopy. They were currently dominated by ferns and grasses. Based upon observation of satellite images and interviews with local people, the forests were logged approximately 25 years before sampling (in 1988) . The early seral sites became as such when the logged forests first burned, approximately 19 years before sampling. The three oil palm plantations were 3, 4, and 5 years old, respectively. They had been established on early seral sites, following construction of small drainage canals around their perimeters. 
Field sampling
We quantified the ecosystem NPP of 12 different peatland sites, including three PSF sites, three LPSF sites, three ES sites, and three OP sites. We selected research sites based on field observations, discussions with local experts, and analyses of Landsat images. Considerations included access to intact forests that were in relatively close proximity to other land covers, to ensure the sequential changes of land cover types (from forest to ES and OP).
2.3 Net primary production in intact and logged peat swamp forest
Aboveground net primary production
In this study, NPP was reported as the annual sum of tree growth and litterfall. Within each sampled site, six plots, each of a 10-m radius (circle area about 314 m 2 ), were established 30 m apart along a 150-m transect (adapted from Murdiyarso et al. 2009; Kauffman et al. 2016 ). The tree diameter at breast height (DBH) was measured for all trees in each plot, to extrapolate references for our tree diameter growth model (Fig. 2) .
In addition, a total of 120 trees (20 in each PSF and LPSF site) were randomly selected in 35 × 10 m 2 plots, located 10 m from the 150-m transect, to determine diameter growth. At each site, to quantify the NPP, tree growth was measured through the installation of tree (dendrometer) bands, 1.3-m aboveground-diameter at breast height (DBH) (Moser et al. (2014) .
Diameter growth on each tree was measured for a 1-year time interval, using a digital caliper with 0.01 mm precision. Based upon this data, we developed an allometric equation using linear regression, to estimate annual tree growth, based upon the tree DBH at year 1. The model was used to predict tree DBH data at year 2. We then applied this model using the DBH of all trees within all six plots at each site. Tree growth was then calculated, by subtracting the tree biomass from year 1 by the predicted biomass at year 2. The calculated tree growth was used to determine aboveground tree biomass, using allometric equations of peat swamp forests (Manuri et al. 2014) . The allometric equation (Table 1) was developed in Sumatra and Borneo islands for peat swamp forest trees of 2-167 cm DBH. We used this general allometric equation as it is able to provide accurate estimates on above ground biomass of tropical peat swamp forests (r 2 = 0.97). To determine litterfall, six litterfall traps were established, every 7 m apart, along the 35-m transect. With a radius of 0.27 m (an area of about 0.23 m 2 ), each trap was positioned a meter aboveground and tied to surrounding trees. Litterfall samples were collected, two times during wet season (November and December 2015) and four times during dry seasons (September and October of 2014 and 2015). Samples were transported to the laboratory, dried at 60°C to constant mass, and then weighed. Laboratory analysis was conducted at the analytical laboratory at Bogor Agricultural University, Bogor, Indonesia, where C content was determined using the dry combustion method (induction furnace) with a LECO Analyzer. Branch fall production was estimated as 9.89% of the litterfall annual production (Chimner and Ewel 2005).
Belowground net primary production
Coarse root production of all the forests trees was estimated using an allometric equation derived from analyses of root/shoot ratio in terrestrial biomass (Table 1 ; Mokany et al. 2006) . Fine root production was estimated as 12% of the sum of tree, coarse root, and litterfall annual production (Chimner and Ewel 2005) .
Annual NPP of forest trees (in PSF and LPSF) was calculated by summing the aboveground and belowground NPP. This calculation captured the annual production associated with tree growth, coarse and fine root growth, and litter and branch fall production.
Oil palm plantations
Six 10-m-radius plots of 150-m transect were established, in a similar manner to those in the intact and logged forests. The height of the apical meristem (the base of their young leaves; Fig. 3 ) of all oil palm trees was measured at all OP sites. The height was re-measured 2 years later. The annual height growth of oil palm trees was calculated by subtracting the initial tree height from the tree height at year 2, then dividing by two. Annual biomass growth for OP trees was estimated by applying the annual height growth into an allometric equation (Table 1 ; Dewi et al. 2010) . The equation was developed in Sumatera and Kalimantan islands and used for oil palm trees < 1 to 8 m in height on peatlands (Dewi et al. 2010) . Pruned frond biomass was estimated as 75.3% of frond production that is 68.8% of the tree biomass growth (Henson and Dolmat 2003) . Dead root biomass was estimated as 71.7% of root production that is 14.2% of the tree biomass growth (Henson and Dolmat 2003) .
Annual NPP of OP sites was quantified by summing tree production with the dead root and pruned frond (litter) production. As we began the study, the oil palm plantations were 2 and 3 years old, with no or very limited fruit production. As such, we did not quantify the contribution of fruit to the total NPP.
Early seral sites
The transect and plot design for fern and grass dominated ES sites differed from those designed for forests and oil palm plantations. In each of the three ES sites, six 1 m 2 plots of 35-m transect were established, at 7-m intervals (Fig. 4) . All aboveground standing herbaceous biomass and litterfall was harvested in 1 m 2 plots at the six locations on each site. These ES plots were burned in September 2014, unnaturally, which enabled us to estimate annual aboveground NPP of ES in September 2015. Standing mass and litterfall were sampled using destructive sampling. Samples were collected and weighed in the field, sub-sampled, transported to the laboratory, dried at 60°C to constant mass, and then weighed. Laboratory analyses were conducted at the analytical laboratory, where the concentration of C was determined with a LECO Analyzer.
Root annual production was estimated as 110% of total leaf and litterfall production/ aboveground NPP (Scurlock and Olson 2012) . This value was derived from a long global monitoring study ; the value had been selected to cover only tropical grassland ecosystems. Although it may not be the best reference ecosystem for our ES sites, we believe it to be the closest available ecosystem that we can use to estimate the root production rate of grass-and fern-dominated ES ecosystems. Biomass was converted to C using a conversion factor of 0.47 (Murdiyarso et al. 2009 ). Potential C emissions from a reduction in NPP, due to the impact of LUC, were reported as potential CO 2 emissions (C-CO 2 )-calculated by multiplying C values by 3.67, the molecular ratio of CO 2 to C.
Statistical analyses
The normality of primary production data among the different land cover types was verified using Shapiro-Wilks and Kolmogorov-Smirnov tests. For normally distributed data, differences in mean site NPP within the same land cover were verified using a t test, whereas a MannWhitney U test was performed when data were not normally distributed. Differences in NPP among land cover types were tested with analysis of variance (ANOVA), when the data were normally distributed. If the ANOVA was significant, a least significant difference (LSD) test was performed, to determine which means were significantly different. Kruskal-Wallis' H test was used for abnormally distributed data. Linear regression analysis was used to model the growth of forest trees, using diameter at breast height (DBH) data (Manuri et al. 2014) . Statistical analysis was conducted using IBM SPSS software version 20 (IBM Corp. Release 2011).
Results
Net primary production in intact and logged peat swamp forests
We obtained data from 118 of the 120 dendrometer bands that were installed in the forests. We lost two tree bands due to logging. The initial mean diameter of measured trees in the 10 × 35 m 2 plots was 10.8 cm in PSF and 10.5 cm in LPSF. These values were similar to the initial mean diameter of measured trees in the 314 m 2 area of circle forest plots (10 m in radius; Fig. 2 ) was 12.0 cm in PSF and 10.9 cm in LPSF.
The linear regression model using DBH at year 1 to predict annual growth (r 2 = 0.98) was used to estimate the incremental growth of all trees in the 10-m-radius plot (314 m 2 area) of forest plots (Fig. 5) .
Tree diameter growth was similar between PSF and LPSF, both averaging at 0.21 cm year −1 (Table 2) . On bigger trees (DBH > 5 cm), aboveground (wood and leaves) biomass production in LPSF (3.2 Mg C ha
) was significantly lower than in PSF (4.6 Mg C ha −1 year −1 ; Mann-Whitney U test, p < 0.05). Due to higher basal area, tree density and bigger tree size in PSF than those in LPSF, though the annual tree growth was similar between the two, the resulted AGB production in PSF was higher. Belowground (coarse root) biomass production in LPSF (0.7 Mg C ha −1 year −1
) was significantly lower than in PSF (1 Mg C ha −1 year −1 ; p < 0.05). Both in PSF and LPSF, aboveground biomass production (4.6 and 3.2 Mg C ha
, respectively) was significantly higher than the belowground biomass (1 and 0.7 Mg C ha −1 year −1 , respectively; Mann-Whitney U test, p < 0.05). Similar to the larger-sized trees, small trees (DBH < 5 cm) in LPSF produced significantly less aboveground and belowground biomass than those in PSF (Mann-Whitney U test, p < 0.05). In logged forest, productivity of both aboveground and belowground biomass in LPSF was lower, by 0.3 and 0.1 Mg C ha
, respectively (Table 3) . Aboveground biomass production was higher than belowground production in both PSF and LPSF by 0.4 and 0.2 Mg C ha
, respectively (Mann-Whitney U test, p = 0.043).
Annual production of litterfall did not differ between LPSF and PSF (5.2 Mg C ha −1 year −1 ; t test, p = 0.9; Table 4 ). Litterfall production in PSF and LPSF during dry months (AugustOctober; 2.5 and 2.6 Mg C ha −1 year −1
, respectively) and wet months (November-July; 2.7 and 2.7 Mg C ha −1 year −1
) was also similar in both forest ecosystems (t test, p = 0.7). Despite both tree density and basal area between PSF (1743 and 31) and LPSF (1282 and 19) being different, the similarity in litterfall production conformed to the previous report (Averti and Dominique 2011) . Fine root production in PSF was 0.2 Mg C ha −1 year −1 higher than in LPSF (t test, p = 0.15; Table 5 ). As fine root production was estimated as 12% of the sum of tree, coarse root, and litterfall annual production, thus significantly higher production of aboveground and belowground biomass in PSF than in LPSF has resulted in this higher fine root production of PSF. Overall, total plant productivity in LPSF was 7.9 Mg C-CO 2 ha −1 year −1 lower than in PSF.
In PSF, aboveground biomass accounted for 40% and litterfall accounted for 39% of total production. In contrast, aboveground biomass in LPSF accounted for 33% and litterfall accounted for 47% of total production.
Net primary production in early seral sites
In the early seral ecosystem, the average carbon content in root, leaves, and litterfall was similar at 45.6, 44.4, and 46.3% respectively. Total biomass production was 10.8 ± 1.3 Mg C ha −1 year −1 (Table 6 ). Of this, belowground biomass (root), litter, and aboveground biomass (leaves) accounted for 53, 17, and 30%, respectively. Belowground biomass was higher than litter mass and aboveground biomass (LSD test, p < 0.05, respectively). Belowground biomass sources dominated the NPP in the ES ecosystem. ) in intact and logged peat forest. Biomass production of litterfall during dry and wet months (August to October and November to July, respectively), and annually reported as mean ± SE. PSF represents intact peat forests and LPSF means logged forests 
PSF1
3.3 ± 0.2 2.9 ± 1.4 6.2 ± 1.5 PSF2 2.1 ± 0.4 1.9 ± 0.3 4 ± 0.5 PSF3 2.1 ± 0.3 3.3 ± 0.9 5.4 ± 1 PSF mean 2.5 ± 0.4 2.7 ± 0.4 5.2 ± 0.6 LPSF1 2.8 ± 0.2 2.7 ± 0.5 5.4 ± 0.6 LPSF2 2.6 ± 0.4 2.4 ± 0.2 5 ± 0.5 LPSF3 2.4 ± 0.3 2.9 ± 0.7 5.3 ± 0.9 LPSF mean 2.6 ± 0.1 2.7 ± 0.1 5.2 ± 0.1
Net primary production in oil palm plantations
Total annual NPP in oil palm plantations was 3.7 Mg C ha −1 year −1 (Table 7) . Belowground biomass (root), litter/necromass (pruned fronds), and aboveground biomass (tree) contributed 6, 32, and 62% of the NPP, respectively. Roots were significantly lower in production than the fronds (Mann-Whitney U test, p value = 0.02) and aboveground growth (Mann-Whitney U test, p value = 0.03). Aboveground biomass production sources dominated NPP in the OP ecosystem.
Net primary production among peatland ecosystems
PSF has the greatest aboveground biomass production (Mann-Whitney U test, p = 0.05). Aboveground biomass production was measured at 5.3 Mg C ha −1 year −1 in the intact forests.
Aboveground NPP for LPSF, ES, and OP was 3.7, 3.3, and 2.3 Mg C ha
, respectively (Fig. 6) .
Among all land cover types, ES (5.7 Mg C ha
) was estimated to have the greatest belowground biomass production (Mann-Whitney U test, p = 0.05). In contrast, OP showed the lowest (0.2 Mg C ha
). Moderate belowground NPP was shown in forest sites, i.e., PSF (2.7 Mg C ha
) and LPSF (2.1 Mg C ha
). 
PSF1
4.8 ± 0.4 6.2 ± 1.5 1.5 1.3 ± 0.1 13.7 50.4 PSF2 5 ± 0.7 4 ± 0.5 1.2 1.3 ± 0.1 11.6 42.4 PSF3 5.9 ± 0.5 5.4 ± 1 1.6 1.5 ± 0.1 14.4 52.8 PSF mean
5.3 ± 0.4 5.2 ± 0.6 1.4 ± 0.1 1.3 ± 0.1 13.2 ± 0.8 48.5 ± 2.8 LPSF1 3.2 ± 0.8 5.5 ± 0.6 1.2 0.8 ± 0.1 10.6 38.8 LPSF2 3.9 ± 0.5 5 ± 0.5 1.2 1 ± 0.1 11.1 40.7 LPSF3 3.9 ± 0.7 5.3 ± 0.9 1.3 1 ± 0.1 11.5 42.2 LPSF mean 3.7 ± 0.2 5.2 ± 0.1 1.2 ± 0 0.9 ± 0.1 11.1 ± 0.3 40.6 ± 1.0 Table 6 Productivity of aboveground biomass (AGB), litterfall, belowground biomass (BGB), and net primary production (NPP) in early seral (ES) ecosystems. Annual sequestered C-CO 2 presented in the NPP 1 column
Mg C-CO 2 ha −1 year −1 ES1 1.9 ± 0.2 2.1 ± 0.3 4.5 ± 0.5 8.5 ± 0.9 31.3 ± 3.3 ES2 4.8 ± 1.5 1.4 ± 0.4 6.9 ± 1.9 13.1 ± 3.5 48.1 ± 13 ES3 3.2 ± 0.5 2.0 ± 0.3 5.7 ± 0.8 10.9 ± 1.5 39.9 ± 5.5 ES mean 3.3 ± 0.8 1.8 ± 0.2 5.7 ± 0.7 10.8 ± 1.3 39.8 ± 4.9
Litterfall production rates in PSF and LPSF were similar (5.2 Mg C ha
). This production was higher than in ES (1.8 Mg C ha −1 year −1
) and OP (1.2 Mg C ha
The total NPP of intact peat forests was significantly greater than any other cover type (Mann-Whitney U test, p value = 0.05; 13.2 Mg C ha
). The ecosystem NPP of LPSF was 11.1 Mg C ha
, compared to 10.8 Mg C ha −1 year −1 for ES and 3.7 Mg C ha −1 year −1 for OP.
Discussion
How land use change alters net primary production in tropical peatland ecosystems
Loss of trees from logging and land clearing has resulted in significant decreases of primary production in degraded peat landscapes. The NPP of intact forests exceeded that of other peatland ecosystems by more than 2.2 Mg C ha
. Logged peat forests, early seral sites, and oil palm plantations were significantly lower in NPP than intact peat forests (Tables5, 6, 2.3 ± 0.6 1.2 ± 0.3 0.2 ± 0.1 3.7 ± 1.0 13.4 ± 3.5 OP3
2.3 ± 0.2 1.2 ± 0.1 0.2 ± 0.0 3.7 ± 0.3 13.4 ± 1.0 OP mean 2.3 ± 0.0 1.2 ± 0.0 0.2 ± 0.0 3.7 ± 0.1 13.6 ± 0.2 Fig. 6 Productivity of belowground and aboveground biomass, litterfall, and NPP in intact and logged peat forest, early seral sites (ES), and oil palm plantations (OP). Production of biomass and litterfall, and NPP reported as mean value. Error bars show ± standard error (SE) of the production. Lower case letters represent statistical significance in productivity. PSF represents intact peat forests and LPSF means logged forests and 7). The NPP of PSF was higher than LPSF because the PSF has higher tree density, basal area, and bigger trees that lead to higher annual production of wood, leaves, and roots than those in LPSF.
In the early seral sites dominated by grasses and ferns, productivity (10.8 Mg C ha −1 year −1 ) was similar to that of the logged peat forest. Belowground NPP in these early seral sites accounted for 53% of the total (5.7 Mg C ha −1 year −1
; Table 6 ), which was the highest of all sampled sites. As we assumed that our early seral sites are comparable to a global dataset selected to cover only the tropical grassland ecosystem, they may typically have high turnover rates of aboveground and belowground biomass (Long et al. 1989 ). Because we did not directly measure belowground NPP, the high value in ES sites could also be due to methodology differences.
The estimated NPP of early seral sites in this study was higher than grassland ecosystems studies in Thailand (Kamnalrut 2015) and the Ivory Coast (Menaut et al. 1979 ). As our sites had burned just a year before sampling, the NPP may become higher in coming years (without further fire occurrence), because burning provides ash as additional nutrients for the regrowth. A study show that NPP of forest will linearly increase for 15 years after a fire occurrence, only reaching a steady state after at least 20 years (Amiro et al. 2000) .
Oil palm plantations had the lowest NPP. Productivity of aboveground and belowground biomass, as well as litterfall was lowest in plantations (Tables 6 and 7 ). This demonstrates that peatland is not the best choice of site to grow oil palm (Basuki and Sheil 2005; Lamade and Bouillet 2005; Wijedasa et al. 2016 ) and limits the ability of smallholder farmers to increase their oil palm production. In more established, intensive-managed oil palm plantations, NPP may be significantly higher; it has been suggested that a 5-year-old oil palm plantation, with intensive management, can produce about 5.4 Mg C ha −1 year −1 (Melling et al. 2008 ).
Tropical climates with adequate sunlight, temperatures, and moisture availability throughout the year facilitate high productivity rates in lowland tropical forest (Chapin et al. 2011 ); NPP of this study was recorded as twice that of temperate forests in the Pacific Northwest, USA (13.2 vs. 6.5 Mg C ha ; Menaut et al. 1979 ). However, it was similar to that reported in Indonesian mangrove ecosystems (12.9 Mg C ha ; Girardin et al. 2010; Malhi 2012) .
It is important to identify the factors that result in higher rates of NPP in tropical peat forests, especially since our result was derived during dry years due to the El Niño Southern Oscillation (ENSO). Long droughts have been reported to reduce litterfall productivity by up to 23% (Brando et al. 2008 ). The high carbon use efficiency (CUE; ratio between NPP and GPP) of peat forests likely contribute to their higher productivity compared with other tropical ecosystems, as also found in a freshwater marsh of California (Rocha and Goulden 2009 ) of other PSF in central Kalimantan (Hirano et al. 2007 ) resulted in CUE value of 0.40, which is on the top range of few tropical forest sites in Asia and Amazonia that have reported CUE values (Malhi 2012) . Our study suggests that tropical peat forests are among the most productive ecosystems, in terms of primary productivity (Fig. 7) .
The NPP in the oil palm plantations studied (3.7 Mg C ha
) was about a fifth of that observed in a review of oil palm production on mineral soils by Lamade and Bouillet (2005) , and a third of that reported by Melling et al. (2008) . This difference may be due to differences in sites and methods used in these studies. It may also be due to the low intensity of management and the young oil palms (1-5 years) studied in our smallholder plantation sites, the limited nutrient availability, saturated condition, and very porous material in peatland soils (Page et al. 2011) . The fact that the smallholder OP plantations were located on drained peat, without proper water management, may also have resulted in the low NPP observed in our sites.
Implications for tropical peatland management
Tropical peat swamp forests show high annual productivity rates. Degradation and conversion (land use changes) of peat swamp forests significantly reduced their productivity. There are four times more degraded peat forests in Indonesia and Malaysia than there are intact forests (Miettinen et al. 2016) . Likewise, intact peat swamp forest accounts for less than 7% of all peatland area in Indonesia's main islands, Sumatera and Kalimantan (Miettinen et al. 2016) .
In 2015, there were more than three million hectares of oil palm plantations, and almost one million hectares of degraded grasslands/early seral (ES) sites formed from previous peat forests in Southeast Asia (Miettinen et al. 2016) . Oil palm's NPP (13.6 Mg C-CO 2 ha −1 year −1 ; Table 7 ) is much lower than that of intact forest (48.5 Mg C-CO 2 ha −1 year −1 ; Table 5 ). As such, the 3 million hectares of oil palm equates to a potential loss of CO 2 uptake from the atmosphere, as much as 105 Tg C-CO 2 year −1 , at least for the first 5 years after planting. On the other hand, our results on early seral site NPP (39.6 Mg C-CO 2 ha −1 year −1
) suggest that allowing grasses and ferns to regrow (secondary succession) begins to reverse the decline in NPP apparent due to land use change.
A million hectares of early seral sites on peatlands in Southeast Asia could absorb atmospheric carbon, especially if allowed to regrow and recover into forest. However, this ecosystem is currently largely unmanaged, and may be the most fire-prone cover type of the region (Page et al. 2009; Blackham et al. 2014) . Recurrent fires on this cover type may limit early seral sites' potential to absorb carbon. This is clear if we look at the loss of C stocks from Girardin et al. (2010), and Proctor (2013) . Mangrove data comes from Golley et al. (1962) , Komiyama et al. (2008) , and Arifanti (2017) . Grassland data comes from Menaut et al. (1979) and Kamnalrut (2015) . Tropical peat forest data comes from Chimner and Ewel (2005) and this study (outlined with bold black) conversion of peat forest into early seral ecosystems, which totaled 125 Mg CO 2 ha −1 year −1 (Basuki 2017) .
Conclusion
Intact tropical peat swamp forests are among the most productive of all terrestrial ecosystems, with an NPP exceeding that of many tropical rainforests, and similar to that of the most productive mangrove ecosystems. However, land use changes have significantly decreased the productivity of tropical peatland ecosystems. Peatland conservation, including protection from land conversion and restoration, is urgently needed to prevent further loss of C stocks.
